To achieve the specialized nuclear structure in sperm necessary for fertilization, dramatic chromatin reorganization steps in developing spermatids are required where histones are largely replaced first by transition proteins and then by protamines. This entails the transient formation of DNA strand breaks to allow for, first, DNA relaxation and then chromatin compaction. However, the nature and origin of these breaks are not well understood. We previously reported that these DNA strand breaks trigger the activation of poly(ADP-ribose) (PAR) polymerases PARP1 and PARP2 and that interference with PARP activation causes poor chromatin integrity with abnormal retention of histones in mature sperm and impaired embryonic survival. Here we show that the activity of topoisomerase II beta (TOP2B), an enzyme involved in DNA strand break formation in elongating spermatids, is strongly inhibited by the activity of PARP1 and PARP2 in vitro, and this is in turn counteracted by the PAR-degrading activity of PAR glycohydrolase. Moreover, genetic and pharmacological PARP inhibition both lead to increased TOP2B activity in murine spermatids in vivo as measured by covalent binding of TOP2B to the DNA. In summary, the available data suggest a functional relationship between the DNA strand break-generating activity of TOP2B and the DNA strand break-dependent activation of PARP enzymes that in turn inhibit TOP2B. Because PARP activity also facilitates histone H1 linker removal and local chromatin decondensation, cycles of PAR formation and degradation may be necessary to coordinate TOP2B-dependent DNA relaxation with histone-to-protamine exchange necessary for spermatid chromatin remodeling.
INTRODUCTION
Nuclear DNA integrity and the composition of chromatin proteins are important parameters of normal sperm function. The development of postmeiotic male germ cells (spermatids) is characterized by global changes in cell physiology and nuclear organization, such as a dramatic decrease in nuclear size that is associated with a complete reorganization of the haploid genome from histone-bound nucleosomal DNA to a very condensed and mostly protamine-bound form (Fig. 1) . During this process, most histones are removed from the DNA and first replaced by the transition proteins TP1 and TP2 and subsequently by protamines P1 and P2 [1] . Only a small, but apparently well-defined, fraction of the sperm genome remains histone associated in mature sperm [2] [3] [4] [5] . However, the regulation of spermatid chromatin reorganization leading to the intricate, conserved sperm nuclear structure is not well understood despite the fact that abnormal chromatin composition and the presence of DNA strand breaks in sperm represent important clinically relevant factors of male infertility [6] [7] [8] [9] [10] .
Notably, the exchange of histones, which only support a supercoiled DNA structure, by transition proteins and protamines, which stabilize a relaxed, more linear conformation of the DNA, is accompanied by a large number of physiological DNA strand breaks during midspermiogenesis ( Fig. 1 ) [11] [12] [13] [14] . Robust phosphorylation of histone H2AFX (cH2AFX, also known as cH2AX) is also detected during these steps in spermatid development, indicating that these breaks induce DNA damage response signaling [14, 15] . The DNA strand breaks have been attributed to the activity of topoisomerase II beta (TOP2B) although its regulation in this process has not been fully elucidated [15] [16] [17] [18] [19] [20] .
Like other type II topoisomerases, TOP2B is capable of removing DNA supercoiling by generating a transient proteinbound DNA double-strand break (DSB) through which a second DNA helix may pass before religating the first DNA double strand (for more details, see, for example, [21] ). This allows for catenation and decatenation as well as knotting or unknotting reactions of DNA. Typically, the enzyme-bridged DSBs transiently introduced by type II topoisomerases do not elicit a DNA damage response. Therefore, H2AFX phosphorylation as well as TUNEL detection of DNA strand breaks in spermatids may be explained by abortive TOP2B reactions followed by a DNA repair step that involves the creation of a DNA strand break [15] . At the same time, TOP2B has been shown to mediate sperm DNA fragmentation, possibly in association with an unknown nuclease, that occurs when sperm are treated with detergents in the presence of calcium and 1 Supported by grants from the National Institutes of Health (NIH R01 HD48837; R.G.M.) and the Mari Lowe Center for Comparative Oncology at the University of Pennsylvania (R.G.M.). This work was partially supported by an NIEHS funded Environmental Health Sciences Core Center grant P30-ES013508. 2 Correspondence: Ralph G. Meyer manganese; this reaction can also trigger fragmentation of paternal DNA in the zygote [22, 23] .
In line with these notions, we showed previously that DNA strand breaks in elongating rat spermatids trigger formation of poly(ADP-ribose) (PAR) by PAR polymerases (i.e., PARP1 and PARP2) [14] . Generally, both single and double DNA strand breaks as well as cruciform DNA structures are recognized by PARP1 and PARP2, which triggers their enzymatic activity [24, 25] . Activated PARPs generate PAR, a unique, highly electronegative biopolymer, by cleavage of the nicotinamide-ribose bond of NAD þ and subsequent polymerization of the ADP-ribose units. PAR formation is an important step in DNA base excision and strand break repair pathways. Automodification of PARPs with PAR inactivates the enzymes and allows them to dissociate from the break. Dissociation is facilitated by electrostatic repulsion of the negatively charged PAR, which is covalently attached to the PARP protein, from the DNA [26] . PAR has a short half-life of only a few minutes because of its quick and specific degradation by PAR glycohydrolase (PARG), an essential and ubiquitous enzyme. The coordinated actions of PARPs and PARG result in a local, rapid, and transient cyclic metabolism of PAR in response to DNA strand breaks. PAR can be covalently attached to histones and other target proteins, but many of the effects exerted by the polymer are based on noncovalent interactions with other proteins through binding to conserved PAR-binding motifs [27, 28] , specialized macrodomains [29] , or a PARbinding zinc finger motif [30] . Local chromatin decondensation resulting from eviction of H1 and core histones from damaged sites and recruitment of DNA repair factors appear to be major roles of PARP1 and PARP2 in DNA repair [31, 32] .
Our laboratory recently showed that PAR metabolism facilitates histone H1 removal in spermatids and that genetic or pharmacological PARP inhibition during spermiogenesis results in abnormal chromatin condensation and histone retention in mature sperm, which is associated with poor sperm chromatin integrity, reduced spermatid elongation, and subfertility in mice [33, 34] . We hypothesized that PARP activation is dependent on DNA strand breaks generated by TOP2B and that abnormal chromatin condensation caused by PARP inhibition may therefore be, at least partially, due to perturbed functional interaction with TOP2B. To investigate such functional correlations between PAR metabolism and TOP2B activity, in vitro assays involving purified TOP2B, PAR, PARP1, PARP2, and PARG were performed. In addition, covalent DNA cross-linking of TOP2B as a measure of TOP2B activity was quantified in mouse spermatids in vivo. The results demonstrate that PARP1 and PARP2 inhibit TOP2B activity in vitro and in vivo. In the context of work published by us and others, the data suggest that the activities of the DNA-relaxing enzyme TOP2B and the DNA strand break-dependent enzymes PARP1 and PARP2 may be able to directly and dynamically regulate each other via the formation of DNA strand breaks and PAR to mediate simultaneous DNA relaxation and histone H1 removal as essential steps of spermatid chromatin remodeling necessary for sperm function.
MATERIALS AND METHODS

Mouse Models
Parp1 gene-disrupted mice, that is, Parp1 tm1Zqw [35] (referred to here as Parp1 homozygous lines in a 129SvEv (129S6/SvEvTac) background (Taconics Inc., Hudson, NY). Wild-type controls used in the described studies, designated as 129SVE for simplicity in this report, were siblings of knockout mice from heterozygous parents from a larger, heterozygous but highly inbred Parp1
À/À breeding colony [33] . Parg(110) À/À mice have a targeted deletion of exons 2 and 3 in the Parg gene, which leads to ablation of the three large PARG protein isoforms of 110, 102, and 98 kDa, but the two smaller ones of 63 kDa (ubiquitous) and 58 kDa (mitochondrial) [36] [37] [38] are still expressed. These animals were shown to have high steady-state levels of PARP1 and PARP2 automodification-and hence self-inactivation-in spermatids. This phenotype therefore resembles the functional inhibition of PARP1 and PARP2 by an inhibitor such as PJ34 [34] . In contrast, mice homozygous for a complete knockout of Parg show an early embryonic lethal phenotype [39] . Parp1 À/À gene-disrupted mice do not express PARP1, but they have an intact gene for PARP2, which has overlapping functions with PARP1. Both enzymes are highly expressed in spermatids [33, 40] . Deletion of both Parp1 and Parp2 genes is embryonic lethal [41] . [12, 13] causing H2AFX phosphorylation (cH2AFX) [14, 15] , the formation of PAR [14] , and the replacement of histones by transition proteins TP1 and TP2 and protamines (reviewed in [67] ). While TOP2B expression is detectable in all spermatid steps, TOP2B association with the nucleus is mostly restricted to tubule stages X and XI (see also Supplemental Fig. S2 ). This schematic shows that elongating spermatids (Spd 9-12) are only present in stages IX-XII where they represent the only haploid cell fraction. This is relevant to this study because these tubule sections were specifically isolated and utilized for in vivo TOP2B DNA binding studies (TARDIS assays). Because condensing spermatids diffract light more efficiently than other cells, transmission illumination was utilized to specifically excise tubule stages that appear darker or clearer using a dissecting scope. Stages IX-XII were readily identified as a pale zone, and such sections were collected and prepared for TARDIS assays (see Fig. 3 ).
Analyses of In Vivo TOP2 Binding (TARDIS Assays)
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(79-81 days old), and their genotypes confirmed by PCR. Groups of 3-6 male mice were each injected i.p. either with a specific TOP2 inhibitor, that is, 80 mg/kg etoposide (ETO; Sigma, St. Louis, MO), or with the highly specific and potent PARP inhibitor N-(6-oxo-5,6-dihydro-phenanthridin-2-yl)-N,N-dimethylacetamide HCl [42] (PJ34; Axxora, San Diego, CA) at a concentration of 10 mg/kg in a volume of 100 ll saline diluent per 20 g of body weight, or both. Animals were euthanized 2 h after the injection, their testes were removed, and tubule segments corresponding to stages IX-XII were prepared in PBS (catalog no. 14190-136; Invitrogen, Carlsbad, CA) supplemented with either 10 lM ETO, 3 lM PJ34, or a combination of 10 lM ETO with 3 lM PJ34, corresponding to the treatment the animals had received, according to a published method [43] . Spermatid steps contained in the dissected tubule sections are illustrated in Figure 1 . Approximately 20-50 tubule sections of 1-5 mm in length/testis were collected, gently squashed between a slide and coverslip in a small volume of supplemented PBS, and the resulting intact cell suspension was collected. Parallel slides were used to confirm developmental stages of spermatids in each preparation. TARDIS (trapped in agarose DNA immunostaining) assays were performed essentially as described [44] . Briefly, cells were embedded in low melting point agarose on microscopic slides and lysed in 80 mM potassium phosphate buffer (pH 6.5) containing 1% SDS, 10 mM ethylenediaminetetraacetic acid, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, 2 lg/ml leupeptin, 2 lg/ml pepstatin, and 1 mM dithiothreitol (DTT) (all the chemicals, Sigma). Unbound proteins were then extracted by washing the slides in 1 M NaCl with protease inhibitors prior to standard immunofluorescence detection using two alternative specific TOP2B rabbit polyclonal antibodies (Topogen, Port Orange, FL, diluted 1:40; or 18513b antibody [44] diluted 1:150, which gave the same results) in combination with fluorescein isothiocyanate (FITC)-coupled goat anti-rabbit antibodies (Jackson Immunochemicals, West Grove, PA). Slides were finally stained with 10 lM Hoechst 33258 (Sigma) in PBS and mounted.
Immunofluorescence Staining of Tissue Sections, Fluorescence Microscopy, and Data Quantification
Immunostaining using rabbit anti-TOP2B antibodies (see above) or mouse monoclonal antibodies to phosporylated H2AFX was performed as described before [14] . Fluorescence microscopy was performed using a Nikon TE 2000-U equipped with monochrome CCD camera (Photometrics Coolsnap; Photometrics, Tucson, AZ) connected to a computer workstation using ImagePro Plus version 5.1.2 software (Media Cybernetics, Bethesda, MD) for documentation and data analyses. Automated analysis of large numbers of pictures was performed to measure areas of stained nuclei and to quantify fluorescence signal intensity (i.e., the density) in TARDIS assays as described before [45] . Background correction was performed using slides that were stained with secondary antibody only to correct for nonspecific FITC fluorescence caused by the secondary antibody and endogenous tissue autofluorescence. Hoechst 33258 images and TOP2B-FITC images were taken together to first create a nuclear outline (Hoechst) that was then used to create a mask that was used to measure nuclear FITC signal intensities.
Protein Extracts and Immunoblotting
SDS extracts of whole testis were made from frozen testes by weighing unthawed decapsulated tissue in precooled, preweighed 1.5-ml reaction tubes. Three volumes (v/w) of precooled 13 RIPA buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.4, 1% nonyl phenoxypolyethoxylethanol, also known as NP-40, 1% deoxycholic acid, and 0.1% SDS) (all the chemicals, Sigma) prepared with complete protease inhibitor cocktail (Roche, Indianapolis, IN) were added to allow for homogenization using 1.5-ml reaction tubes with tight-fitting micropestles (VWR, Radnor, PA). Then, six volumes (v/w) of 23 Laemmli sample buffer (161-0737; BioRad, Hercules, CA) were added to give a final concentration of 100 ng/ll total testis fresh weight.
Testis lysates in Laemmli buffer were separated by 8% or 15% SDS-PAGE, transferred to PVDF membranes (Immobilon, Millipore, Billerica, MA), and subjected to antibody detection using rabbit anti-PAR (LP96-10, 1:2000; BD Bioscience, San Diego, CA), mouse anti-ACTB (AC-15, 1:5000; Sigma) rabbit anti-TOP2B (1:2000, Topogen), and horseradish peroxidase-coupled donkey anti-rabbit secondary antibodies (Jackson Immunolabs), according to standard procedures [33] . PAR signals were quantified using the ImageJ software package (Wayne Rasband, National Institutes of Health; http://rsb.info.nih.gov/ ij/).
Topoisomerase Assays
Purified, active human topoisomerase II alpha (TOP2A) was purchased (;15 U/ll initially, current activity was determined at the respective day of the experiments; Topogen) as well as purified PARP1 (specific activity ¼ 22 222 U/ mg, 10 U/ll stock solution, 1 U ¼ 10 pmol PAR/30 min at 308C; Trevigen, Gaithersburg, MD), PARP2 (specific activity ¼ 380 U/mg, 1 lg/ml stock solution, 1 U ¼ synthesis of 1 nmol PAR/min at 258C; ENZO Life Sciences International, Plymouth Meeting, PA), and PARG (specific activity ¼ ;10 000 U/mg, 10 mU/ll; ENZO Life Sciences International). Catenated kinetoplast DNA (kDNA) and size markers for decatenated or cleaved kDNA (M2 and M3, respectively) were purchased from Topogen. Recombinant purified TOP2B was prepared as reported before [46] [47] [48] . Standard decatenation reactions (10 ll) contained 100 ng kDNA and 1.5 U TOP2A or TOP2B, where 1 U was defined as the activity that decatenates 200 ng kDNA/30 min at 378C in freshly prepared reaction buffer (0.5 M Tris HCl, pH 8, 150 mM NaCl, 100 mM MgCl 2 , 5 mM DTT, 300 lg/ml bovine serum albumin, 2 mM ATP). PARP1, PARP2, or PARG was prediluted in 13 TOP2 reaction buffer and added to the reaction, keeping the total reaction volume constant at 10 ll. Similarly, NAD þ (Sigma) was diluted in water and added to give a final concentration of 1 mM. Reactions were stopped after 30 min by the addition of 5 ll of stop buffer (5% sarkosyl, 25% sucrose, 4 mg/L bromophenol blue) and resolved on 1% agarose gel with 0.5 lg/ml ethidium bromide. In experiments testing the effects of free PAR (Trevigen), 5 ng of PAR (corresponding to ;1 lM or 1 pmol/sample) were added. For each sample, intensities of DNA bands representing unprocessed kDNA and the respective decatenation products were both determined by densitometric quantification using ImageJ software and used for calculation of the decatention rates.
RESULTS
PARP1 and PARP2 Activity Inhibits TOP2B Activity In Vitro PARP1 and PARP2 each efficiently inhibited TOP2B (Fig.  2 ) in a dose-dependent manner in vitro. Because a potential function of TOP2A in spermatids could not be completely ruled out at this point, we also investigated PARP-dependent TOP2A inhibition, which gave similar results (Fig. 3) . While the results indicate that PARP-dependent inhibition occurs on both TOP2A and TOP2B, we did not see any TOP2A signals in spermatids in the TARDIS assay (data not shown), which is consistent with published data [15, 19] .
PARP enzymes are essentially enzymatically inactive in the absence of DNA strand breaks. Only when PARPs bind to DNA strand breaks do they become highly enzymatically activated and rapidly consume NAD þ to synthesize large amounts of PAR. Generally, TOP2 inhibition by PARP was strictly dependent on the presence of NAD þ , demonstrating that the inhibitory effect requires activation of PARP enzymes. Importantly, this finding also implies that TOP2 activity in vitro generates DNA strand breaks that are able to activate PARP enzymes.
Incubation of TOP2B with highly purified free PAR, albeit at a relatively high concentration, inhibited the reaction by ;35% (Fig. 2D ). This suggests that TOP2 inhibition can also be achieved by a noncovalent interaction with PAR without covalent modification of TOP2 with PAR (i.e., PARsylation).
PARG Blocks PARP-Dependent TOP2B Inhibition
Recombinant, highly purified PARG, which represents the catabolic arm of PAR metabolism, partly reversed TOP2B inhibition by the activities of PARP1 or PARP2 in a dosedependent manner (Fig. 4A) , while the presence of PARG alone did not affect TOP2B activity and by itself did not cause DNA unknotting or cleavage (Fig. 4A, far right panel) . Compared to PARP1, PARG has been shown to have an almost 100-fold higher specific activity in vivo and in vitro [49] , which is also reflected by the finding that a relatively small amount (44 fmol) of purified recombinant PARG was able to counteract the activity of 1 pmol PARP1 or PARP2. Similar results were obtained for assays involving TOP2A (Supplemental Fig. S1 ; all supplemental data are available online at www.biolreprod.org).
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PJ34, a Pharmacological PARP Inhibitor, Prevents PARP-Dependent TOP2B Inhibition PARP1-and PARP2-dependent inhibition of TOP2B was dose-dependently suppressed by addition of the PARP inhibitor PJ34 to the reaction. The drug, which has an approximate IC 50 value of 20 nM for PARP1, blocked PARP1-and PARP2-dependent TOP2B inhibition in the presence of NAD þ (Fig. 4B ). PJ34 alone did not inhibit TOP2A or TOP2B activity even when tested over a large dose range (0.3-30 lM PJ34, data not shown). These results indicate that the enzymatic activities of both PARP1 and PARP2 negatively regulate TOP2B activity, which may be an overlapping function of these PARPs. Furthermore, the results demonstrate that regulation of PARP1 or PARP2 activity by either PARG or PJ34 in vitro indirectly regulates TOP2B activity because these counteracted the inhibitory effects mediated by PARP1 and PARP2 in the presence of NAD þ . These data led us to hypothesize that the chromatin condensation defect observed in step 12 spermatids of PJ34-treated mice and of Parg (110) À/À mice that we reported previously [33, 34] may be partly attributed to inappropriately increased TOP2B activity due to blocking of negative regulation normally provided by PARP1 and PARP2. To further test this hypothesis, TOP2B expression was analyzed by immunofluorescence staining of testis sections using TOP2B-specific antibodies (Supplemental Fig. S2 ). The results confirmed that in testis TOP2B expression is strongly and selectively upregulated in spermatid cells [15] [16] [17] [18] [19] .
In Vivo PARP Inhibition Promotes Increased TOP2B DNA Binding in Step 9-12 Spermatids
To test the hypothesis that TOP2B activity is modulated by PARP activity in vivo, we assessed TOP2B activity in testicular cells of 129SVE, Parp1 À/À , and Parg(110) À/À mice using a method that measures TOP2B activity through quantification of covalently DNA-bound TOP2B (i.e., TAR-DIS assay) [44] . Because of the transient nature of PAR metabolism and TOP2B reactions, time-consuming cell separation techniques to isolate the relevant stages of spermatid development could not be used. Instead, elongating spermatids of steps 9-12 were isolated by microdissection of so-called pale zones from testis tubules in prewarmed PBS (Fig. 1) , which can be quickly achieved within a few minutes [43] . In this assay, we quantified specific anti-TOP2B antibody signals
FIG. 2. TOP2B is inhibited by PARP1 and PARP2 activity in an NAD
þ -dependent manner in vitro. TOP2B activity was measured by quantifying the conversion rate of high molecular kDNA, which in its native catenated form does not enter the agarose gel, into two low molecular weight bands. A) TOP2B activity is inhibited by PARP1 in the presence, but not in the absence, of NAD þ in an enzyme concentration-dependent manner. B) Like PARP1, PARP2 inhibits TOP2B activity in a comparable manner. C) Quantification of conversion rates from two independent experiments performed in duplicate. The small amount of decatenation in the absence of topoisomerase (right column) represents trace background amounts of kDNA degradation already present in the kDNA substrate. Error bars indicate the standard deviations. D) TOP2B activity is inhibited by purified PAR, albeit only at relatively high levels (1 pmol/ll), indicating that TOP2B may be able to interact with PAR and that covalent posttranslational modification with PAR is not necessary for TOP2B inhibition in vitro.
solely within the perimeters of cell nuclei (Fig. 5A ) that varied in intensity depending on their cell-type developmental stage and treatment regimen (Fig. 5A) .
While generally a portion of extraction-resistant TOP2B signals were seen as intensely stained foci per nucleus, overall TOP2B signals were diverse in size and also included small dot-like staining. To quantify the overall amount of nuclear cross-linked TOP2B fluorescence signals, it was therefore decided to determine fluorescence intensities expressed as arbitrary units. That way, weaker and more diffuse TOP2B fluorescence signals could be included in the measurements, adding to the accuracy of the measurements. Depending on individual sets of experiments, average fluorescence units (AU) in untreated 129SVE varied slightly with an average of 1370 6 234 AU (three independent experiments). Only nuclei from spermatids (DNA content correlating to a haploid genome, 1C) were measured (Fig. 5B) ; nuclei from spermatocytes (diploid genome, 4C) or Sertoli cells (diploid genome, 2C), which were excluded based on their DNA content, were not measured. Because the isolated cell population contained spermatids ranging from step 9 to step 12 (corresponding to tubule stages IX-XII), TOP2B staining intensity of individual spermatid nuclei varied with the exact individual developmental step, with signals being most prevalent in step 10 spermatids.
ETO is a type II topoisomerase poison that stabilizes the DNA cleavage complex and thus causes prolonged covalent linkage of TOP2B to the DNA [50, 51] . As expected, ETO injection resulted in measurably increased TOP2B bound to the DNA, confirming that experimental conditions allowed for sensitive measurement of alterations in TOP2 DNA binding and hence TOP2 activity (Fig. 5B) . Consistent with the results of the in vitro assays, TOP2B DNA binding was highly significantly increased by ;50% in 129SVE mice in the presence of the PARP inhibitor PJ34 (P , 0.0001, Student ttest). Notably, treatment of mice with both ETO and PJ34 did not have additive or synergistic effects (Fig. 5B) . However, because ETO is a direct poison of TOP2 enzymes whereas PJ34 indirectly acts as an activating drug by blocking the inhibitory effects of PARPs, results of such dual treatments may be difficult to interpret.
In the Parp1 À/À mouse, baseline TOP2B binding to DNA was elevated by ;16% compared to wild-type siblings, which may be interpreted as a mild but significant (P , 0.0001) effect of the Parp1 gene deletion, where Parp2 is still expressed. It can therefore be assumed that PARP1 and PARP2 have overlapping functions in TOP2B regulation, which is also supported by the in vitro data (Figs. 2-4) . The presence of one of the two enzymes may be sufficient to appropriately attenuate TOP2B. In Parp1 À/À mice, PJ34 treatment resulted in a significant increase of TOP2B activity due to inhibition of PARP2 (Fig. 5B, middle panels) . In Parg(110) À/À mice, average baseline TOP2B activity in spermatids was significantly elevated by ;57% compared to wild-type controls, likely because of reduced PARP1 and PARP2 activities related to the prolonged automodification and therefore more sustained inactivation of PARPs in this mouse mutant (Fig. 5B , right panels) [34] . While TOP2B signals appeared to be slightly elevated by ETO or PJ34 in Parg(110) À/À animals, the increase did not reach statistical significance within three independent experiments using three animals each.
Immunoblot analyses confirmed that TOP2B expression was not different in the three mouse genotypes (Fig. 5C) . PAR detection by immunoblotting using cell lysates from the second testis of each wild-type male used in the TARDIS assays (Fig.  5D) showed the efficiency of the PJ34 treatment but with some individual variation in PJ34-mediated PARP inhibition.
Taken together, the data demonstrate that TOP2B generates DNA strand breaks that activate PARP1 and PARP2 to form PAR, which in turn strongly inhibits TOP2B activity. Furthermore, this PARP activity-dependent inhibition of TOP2B is reversible by PARG activity and prevented by PARP inhibition using PJ34. Finally, the finding that TOP2B activity in intact mice can be altered by modulation of the PAR pathway demonstrates the potential relevance of these findings for spermatid chromatin remodeling.
DISCUSSION
DNA strand breaks as they appear during midspermiogenesis in all spermatids are puzzling because they are potentially 904 dangerous if they remain unrepaired, and it seems clear that they should be carefully regulated. The two main results of the present study are 1) that it provides a potential regulatory mechanism that limits the number of naturally occurring endogenous DNA strand breaks in spermatids and 2) that it proposes a mechanism in which DNA strand breaks and local chromatin decondensation facilitating nucleoprotein exchange are coordinated by PAR formation and degradation. We model this interaction of TOP2B and PARP1 as well as PARP2 and PARG in Figure 6 . TOP2B binds to DNA (Fig. 6, step 1) and introduces a DNA strand break (step 2) to which PARP1 and/or PARP2 are recruited, similar to what was described elsewhere [52, 53] . This assumption is supported by the current result that PARP1 and PARP2 are indirectly activated by TOP2B in vitro because PARP activation to form PAR requires both the presence of NAD þ and the formation of DNA strand breaks by TOP2. PAR formation then inhibits TOP2 (Fig. 2) . Activation of PARPs results in local formation of large chains of PAR, which then leads to automodification (i.e., inactivation) of the activated PARP bound to the DNA break (Fig. 6, step 3) . This entails dissociation of adjacent proteins (i.e., PARP, TOP2B, H1 proteins, and core histones) from the DNA (Fig. 6, step 4) because these proteins lose their ability to bind DNA as a result of their interaction with the highly negatively charged polymer [26, 53, 54] . Local removal of H1 linker proteins and core histones from the DNA causes local DNA decondensation, which should facilitate further exchange of histones for transition proteins TP1 and TP2 as well as protamines. In support of this view, mice with genetically or pharmacologically impaired PAR metabolism show abnormally high retention of H1 and core histones in sperm [34] . Until PARG removes the inactivating PAR and thus allows PARPs and TOP2B to enter a new cycle of enzymatic activity (Fig. 6, step 5) , the proteins may remain complexed with PAR for some time.
Relevant to this model, reduced PARG activity (e.g., as observed in the Parg (110) À/À animals [36] ) will inhibit PARP function through prolonged auto-PARsylation of PARPs (as illustrated in Fig. 6 by the red block at step 5), preventing their ability to undergo repeated cycles of DNA binding, automodification with PAR, and dissociation from the DNA. The overall reduction in so-called activatable PARP enzymes available to respond to TOP2-mediated DNA strand breaks   FIG. 4 . PARG activity and inhibition of PARPs by PJ34 restore TOP2B-mediated kDNA decatenating activity in a dosedependent manner in vitro. A) Addition of PARG to reactions where TOP2B is inhibited by the addition of 1 pmol PARP1 or PARP2 in the presence of 1 mM NAD þ reduced the inhibition in a PARG enzyme concentration-dependent fashion. PARG itself had no decatenating activity and no inhibitory effect on TOP2B activity. B) Addition of PJ34 to inhibit PARP1 and PARP2 activity prevented the inhibition of TOP2B in a dose-dependent manner but by itself did not inhibit or activate TOP2B. Similarly, PARP enzymes did not cause kDNA decatenation or DNA strand breakage. Error bars indicate the standard deviations.
PARP AND TOP2B IN SPERMIOGENESIS 905 FIG. 5. PARP inhibition increases testicular TOP2B activity in spermatids in vivo. Tubule sections enriched for stages that contain condensing spermatids (see Fig. 1 ) were analyzed for TOP2B activity using the TARDIS assay method. Live cells from stages IX-XII testis tubules isolated from wild-type mice (i.e., Wt129SV) or mice with genetically altered PAR pathways were embedded in low melting point agarose and lysed in the presence of protease inhibitors; proteins that were not covalently bound to the DNA were extracted using the high salt buffer. A) TOP2B bound to the DNA (red pseudocolored Hoechst 33258 dye) of decondensed spermatid nuclei was stained by indirect immunofluorescence detection (FITC, green) and photographed for digital quantification of signal intensities. Salt extraction-resistant TOP2B is detected as diffuse punctate staining and additional distinct foci restricted to the nucleus (arrows); developing spermatid flagella and midpieces are also stained, indicating the possible presence of TOP2B in these extranuclear cell compartments. Secondary antibody controls were completely negative (data not shown). Immunostaining of epididymal sperm using TOP2B antibodies confirmed the presence of TOP2B in the sperm midpiece (data not shown). Bar ¼ 15 lm. B) TARDIS assay quantification of TOP2B immunofluorescence signals of spermatids isolated from Wt129SVE, Parp1
À/À mice that had been previously treated with ETO (80 mg/kg) or PJ34 (10 mg/kg) or both for 2 h. For each data point, 3-10 males were used and 500-1200 nuclei were measured per mouse. Each of the separate experiments was designed to include saline-and PJ34-treated wild-type controls. Statistical analyses were done using Student t-test. Data sets highly significant from untreated wildtype controls (P , 0.0001) are indicated by two asterisks (**). Treatment groups within the Parg(110) À/À genotype were not statistically significant from each other (n.s.) but highly significantly different from the wild-type controls. Error bars indicate the standard error of the mean. C) Immunoblot analysis of testicular SDS extracts confirming comparable TOP2B expression levels in 129SVE, Parp1 906 therefore leads to reduced downregulation of TOP2B activity by PARsylation. Direct inhibition of PARP with PJ34 was shown to upregulate TOP2B activity in a similar manner, but in our model is expected to block progression at step 3.
The negative feedback mechanism provided by PARP may prevent TOP2B hyperactivity and thus limit or attenuate the rate at which potentially deleterious DNA strand breaks are generated. This notion is also in line with a report of spermatogenic and spermiogenic defects in Parg(110) À/À [33] and Parp2 À/À mice [40] . DNA strand break-dependent shuttling of H1 from the DNA by auto-PARsylation of PARP1 has been explained by the ability of PAR, which carries two negative charges per adenine residue instead of only one as in RNA or DNA, to compete with DNA for binding to the positively charged histones and histone linker proteins [26, 54] . PAR metabolism thus acts as a biochemical mechanism that facilitates the removal of histones and histone H1-like proteins to promote opening of condensed, inaccessible chromatin domains [55] [56] [57] . Core histones and the testicular histone H1 variant H1t, official symbol HIST1H1T, are known acceptor proteins for PAR [58, 59] .
Recently, a PARP1/TOP2B complex that is involved in transcriptional activation of promoters by nuclear receptors in MCF-7 cells has been reported, supporting the idea that TOP2B acts as a DNA nicking or breaking entity that is able to trigger PARP1 activation [53] . Specifically, in these cases, PAR formation through PARP1 removes H1 from promoters that are silenced by chromatin condensation in the form of a 30-nm fiber and allows for replacement of H1 by high mobility group B proteins. This alteration of chromatin structure to a more open state facilitates nuclear receptor-dependent transcription, recruitment of DNA-dependent protein kinase for DNA repair, as well as modulation of chromatin structure during transcription initiation [60] [61] [62] .
The results of the present study support that view. However, the data presented show that local chromatin opening mediated by TOP2B/PARP is not limited to a role in transcription regulation but may represent a much more general means of chromatin reorganization such as that found in spermatids, which undergo global nuclear restructuring but do not perform gene transcription. Moreover, PAR-mediated modulation of TOP2B as a consequence of PARP activation by the topoisomerase as shown in the present report represents an added, novel layer of regulation.
Pioneering early efforts showed that PARsylation is in principle able to inhibit TOP2 in vitro by drastically reducing its affinity to bind DNA [63] . However, no well-defined or even recombinant PARP or topoisomerase enzymes were available at the time of those studies, which were done using biochemical cell fractions, and neither TOP2B nor PARP2 had been identified at that time [47, 64, 65] . Direct evidence of an interaction of PAR with TOP2B was also provided by a recent proteomic screening study aimed at the identification of all in vivo PARsylated proteins [28] .
In summary, our data support, and at the same time significantly expand, current views that PAR metabolism is involved in local chromatin decondensation in concert with TOP2 enzymes by showing for the first time in vitro and in vivo that TOP2B-mediated DNA strand breaks induce PAR formation through activating both PARP1 and also PARP2. In steps 1 and 2 of our model (Fig. 6) , we assume that TOP2B creates the DNA strand break, but the initial trigger in spermatids is not known yet. In somatic cells, it has been recently proposed for estrogen receptor-dependent transcription initiation that histone H3K9me2 demethylation by lysinespecific demethylase LSD1 (now called K-demethylase 1) causes local DNA oxidation and results in recruitment of 8-oxoguanine-DNA glycosylase 1 and TOP2B to the damaged site [66] . Interestingly, hyperacetylation of H4 has been identified as a prerequisite for TOP2B-mediated DNA strand break formation during spermiogenesis [19] . This notion emphasizes a potentially very important role of histone modifications in the generation and regulation of DNA strand breaks in spermatids that will require further investigations.
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FIG. 6.
Proposed model of TOP2B and PARP1/2 activation coordinating spermatid DNA relaxation with nucleoprotein exchange. TOP2B, and potentially TOP2A, binds to target DNA (1) and generates a DNA strand break (2) . Such DNA strand breaks trigger PARP activation and consequently PAR synthesis (3). Modification with PAR leads to catalytic inactivation and release of the topoisomerase-PARP complex from the DNA, along with PAR acceptor proteins, for example, HILS1, HIST1H1T, and core histones (4). Hypothetically, decatenated DNA is now accessible for binding to other available DNA-binding proteins, for example, transition proteins (TP1/2) and protamines (PRM1/2). The PARsylated topoisomerase-PARP complex is released from the DNA, and degradation of PAR by PARG is essential to restore enzyme activities (5). After removing histones and relieving DNA supercoiling, regenerated PARP and TOP2B enzymes can then move to another site along the chromatin and perform the same actions (1) . Pharmacological PARP inhibition with PJ34 inhibits PARP activation (red block at step 3), while PAR accumulation observed in the Parg gene-disrupted mouse model indicates partially compromised enzyme regeneration (red block at step 5). ADPR, adenosine diphosphate ribose; Nam, nicotinamide.
